Abstract. The circulation of counterfeit or substandard artemisinins (ARTs) in malaria-endemic areas poses a serious threat to the long-term use of these drugs. Here, we validated an indirect competitive enzyme-linked immunosorbent assay (icELISA) for quantification of ARTs and found that 50% of inhibitory concentrations of dihydroartemisinin, artemether, and artesunate were 8.1, 207.0, and 4.7 ng/mL, respectively. We compared the icELISA with high-performance liquid chromatography (HPLC) for quantifying ART and its derivatives in 22 convenience samples of commercial antimalarial drugs. Paired t tests showed a borderline significant difference between the two methods (mean = 0.03, 95% confidence interval [CI] 0.00-0.07, P = 0.074) and the icELISA results were more variable than those of the HPLC analysis (P 0.001), suggesting that further improvement is needed to enhance the performance of the icELISA. Our results showed that the icELISA has the potential to be improved for quality assurance of ARTs at the point of care in endemic settings.
INTRODUCTION
More than 40% of the world's current population live in poverty-stricken areas where malaria, alone or together with acquired immunodeficiency syndrome (AIDS), tuberculosis, and cholera, is a serious public health problem. 1, 2 According to the World Health Organization (WHO),~216 million clinical cases of malaria occurred in 2010 resulting in an estimated 655,000 deaths. 3 Among the available public health malaria interventions, chemotherapy remains the predominant tool. 4 To combat multidrug resistance in the malaria parasite Plasmodium falciparum, WHO has recommended the use of artemisinin (ART)-based combination therapies (ACTs). 5 Currently, a number of ACTs such as artemether (ATM)-lumefantrine, artesunate (ATS)-amodiaquine, ATSmefloquine, and dihydroartemisinin (DHA)-piperaquine are being used in many malaria-endemic areas. 6 -8 The ART, first isolated from a Chinese herb Artemisia annua, belongs to sesquiterpene lactone endoperoxides. 7, 9, 10 The use of ART has been superseded by its derivatives such as the water soluble ATS, DHA, and the lipophilic esters ATM and arteether.
Poor quality medicines, including substandard and counterfeit drugs, cause a major loss on public health in resource-poor countries. The WHO has estimated that about 25% of the medicines consumed in developing countries are counterfeit. 11 The illicit trade in counterfeit and substandard ARTs is a severe problem for malaria control, because it not only reduces the treatment efficacy and promotes development of resistance, but also may result in life-threatening complications. 9 Antimalarial drugs have been reported as a target of counterfeiting in resourcepoor areas. The magnitude of this problem is particularly huge in Southeast Asia. 12 Newton and others reported that 38% of 104 shop-bought ATS samples from Cambodia, Laos, Myanmar, Thailand, and Vietnam did not contain ATS, whereas in some regions as much as 64% of the drugs contain little ATS. 13 Since 1998, an epidemic of multiple types of counterfeit ATS tablets has affected malaria patients in Southeast Asia. As many as 14 physical types of the fake ATS have been found in this region. 9, 14, 15 In addition, some genuine drugs are often substandard, 16 compromising their expected therapeutic effect. Another problem associated with substandard antimalarials is expiration and degradation, which require close monitoring. Bate and others 17 reported that significant proportions of the antimalarial drugs, including ART derivatives, failed the content and dissolution tests in six most severely malarious regions of Africa. This suggests that counterfeit and substandard antimalarial drugs are a global problem, which may imperil the great stride made towards malaria control in recent years after switching to ACTs. A sensitive, low cost, easy to use diagnostic tool for ART quality control is hence urgently needed.
A number of methods have been developed for the detection of ARTs, including high-performance liquid chromatography (HPLC), [18] [19] [20] [21] gas chromatography (GC)-flame ionization detection, 22 GC-mass spectrometric detection, 18, 23, 24 liquid chromatography-mass spectrometry, 25 radioimmunoassay, 26 and enzyme-linked immunosorbent assay (ELISA). 26 -30 The instrumentations and methods used to test the contents of ART are usually expensive and time-consuming, and require rigorous sample preparation, whereas isotope-based assays have potential health hazards. Being rapid, cost-effective, sensitive, simple, and convenient, ELISA has become popular for the detection of botanical chemicals and drugs 31 ; we have previously generated a monoclonal antibody (mAb) 3H2 using ATS-bovine serum albumin conjugate as the immunogen. An indirect competitive ELISA (icELISA) was developed to detect ART in the A. annua samples. 31 Here, we have further refined this assay for the quantification of ART and its derivatives. We directly compared the performance of the icELISA with that of the gold standard HPLC method using standards of ART and its derivatives and 22 ART-based antimalarial drugs purchased from the market.
MATERIALS AND METHODS
Source of antimalarial drugs. The ART, ATS, DHA, and ATM standards were purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). All other antimalarial drugs were convenience samples, obtained from clinics, hospitals and private drug stores in Cambodia, China, Ethiopia and Kenya. The drug names, manufacturers, places where drugs were obtained are listed in Table 1 .
*Address correspondence to Liwang Cui, Department of Entomology, Pennsylvania State University, University Park, PA 16802. E-mail: luc2@psu.edu Materials and equipment. The HPLC method has been the most widely used method for quantifying ARTs and was used as the gold standard in this study. The HPLC system consisted of a 600E multisolvent delivery system and a 2487 dual λ absorbance detector (Waters, Milford, MA). Both 0.2-and 0.5-μm syringe filters were purchased from Millipore (Billerica, MA). Ninety-six-well plates were from Corning Costar (Corning, NY). An automated plate washer (Wellwash 4 MK2) and a microplate reader (Multiskan MK3) were from Thermo (Vantaa, Finland). The HPLC-grade acetonitrile, ethyl acetate, and methyl alcohol were purchased from Sinopharm Chemical Reagent (Beijing, China). For ELISA, the buffer solutions included coating buffer (0.05 M carbonate buffer, pH 9.6), phosphate-buffered saline (PBS) (0.1 M phosphate buffer containing 0.9% NaCl, pH 7. Drugs and sample preparation. Antimalarial drug tablets were crushed by grinding with a clean mortar, which was washed three times with~1.5 mL of acetonitrile. The acetonitrile suspension was transferred into a 15-mL tube, sonicated in a Branson SB5200 ultrasonic oscillation (Danbury, CT) under room temperature for 30 min, followed by centrifugation at 2,080 + g for 30 min. The extraction procedure was repeated three times and the supernatants were combined and filtrated through a 0.5-μm syringe filter. The filtrates were collected and stored at 4 C before analysis. For the commercial samples, the sample extracts were diluted into 2 mg/mL with acetonitrile as stock solutions for the icELISA and HPLC assays based on the labeled content of the commercial drugs. Stocks were then diluted using PBSTG to obtain concentrations in the working range of the icELISA.
Optimization of icELISA. The mAb 3H2 has a high sensitivity and low cross-reactivity to the precursors of ART. 31 The optimal concentrations of coating antigen, mAb, and goat anti-mouse IgG-HRP were screened by checkerboard titration. Concentrations of 0.25 mg/mL of coating antigen ATS-ovalbumin (OVA), 0.1 mg/mL of mAb and 0.1 mg/mL of goat anti-mouse IgG-HRP were selected and used throughout this work.
HPLC and icELISA analysis. We compared these two methods side by side using the same drug preparations. The icELISA was carried out according to the method previously published. 31 A microtiter plate was first coated with 100 μL of the ATS-OVA conjugate in coating buffer per well for 3 h at 37 C. After three washes with PBST, 50 μL extracts of drugs and 50 μL mAb 3H2 was added to each well for 30 min at 37 C. After three washes with PBST, 100 μL of goat anti-mouse IgG was added to each well and incubated at 37 C for 0.5 h. After the plate was washed with PBST again, 100 μL of substrate solution with OPD and hydrogen peroxide per well was added. The reaction was stopped by adding 50 μL of 2 M H 2 SO 4 . Absorbance was read at 492 nm with the microplate reader. Generally, three replicate samples were run for both the standard curve and unknown samples. For ELISA readings, a standard curve was fitted with the four-parameter sigmoid log-logistic model
where A 1 and A 2 are the minimum and maximum possible values and IC 50 = X 0 . Parameters were estimated by using the maximum likelihood estimation method, and analysis was performed with the Origin 7.5 software (OriginLab, Northampton, MA). The gold standard HPLC method was used to quantify ART and its derivatives in drugs as described previously. 18, 23 Briefly, a C 18 reverse-phase column (250 + 4.6 mm, 5-μm particle size; Thermo) was used to separate ART and its derivatives. The mobile phase was 60% aqueous acetonitrile at a flow rate of 1 mL/min. The UV absorption was detected at 210 nm. The injection volume was 20 μL. The HPLC data were recorded and processed using Agilent1200 LC (Agilent Technologies, Santa Clara, CA). All data were collected and analyzed using Waters Millenium software. 32 Recovery test for ART-based drug samples. Commercial drugs usually contain a lot of supplementary materials in addition to the active ingredients. The organic solvent in the sample may also interfere with the icELISA. Sample dilution is a frequently used method to reduce the interference effects on ELISA analysis. Although the high sensitivity of the mAb can afford for up to 200,000-, 400,000-, and 10,000-fold dilutions for the DHA, ATS, and ATM drug samples, respectively, matrix effects on the assay accuracy were evaluated using the spike studies before analysis of drug samples. An amount of 2 mg/mL extracted ART-based drug samples, of which the active ingredient contents were quantified by icELISA, was spiked with corresponding standard substance at 2 and 4 mg, respectively. The extracted ART-based drug samples with no corresponding standard substance added were used as the blank control. The drug samples were added and disposed according to the icELISA procedure as described in the previous section. Three separate samples were taken for each drug sample, and each sample was analyzed in triplicate.
Statistical analysis. Pearson correlation coefficient was used to measure the correlation between the icELISA and HPLC results by regression adjusted through origin. The paired t test was used to compare the difference between the icELISA and HPLC results, and mean value was used for each drug tested. Outliers (four values exceeding 2 + standard deviations) were removed from the statistical analysis. Statistical significance was assessed at P 0.05 in a two-tailed fashion. Statistical analyses were performed using Excel (Microsoft Corp., Redmond, WA) and JMP 9 software (SAS Institute Inc., Cary, NC).
RESULTS
Optimization of icELISA. Under the optimized conditions mentioned previously, the IC 50 values of the icELISA and working range of the calibration curve, based on 10-90% of inhibition of binding of mAb 3H2 to DHA, ATS, and ATM, were 8.10 and 1.56-100 ng/mL, 4.70 and 0.78-50 ng/mL, 207.20 and 31.25-2000 ng/mL, respectively. The limit of detection, defined as the lowest measurable concentration of target ingredients that could be distinguishable from zero concentration ±3 SD was 10.77, 0.12, and 87.42 ng/mL for DHA, ATS, and ATM, respectively (Figure 1) .
Matrix interference. Using three drug samples spiked with standard drugs, we determined whether the matrices of the drug formulations interfere with the assay. As shown in Table 2 , regardless of the drug formulations, the ART compounds had excellent recovery rates, suggesting that the crude extracts containing the drug matrix did not have noticeable influences on the icELISA results at the minimum dilution conditions used ( 10,000-fold).
We then tested whether multiple extractions of the samples could significantly improve the recovery rates of the ARTs. We tested three commercial drug formulations (A: DHApiperaquine phosphate tablets, B: ATM for injection, and C: Co-Falcinum) and found that extraction of the samples three times would increase the amount of recovered drug contents by 14-27% as measured by icELISA (Figure 2) .
Analysis of standard ART-based drugs with HPLC. We further evaluated the conditions of HPLC for quantification of standard ART drugs. 32, 33 The concentrations of standard compounds were used at 1, 2, and 4 mg/mL. The retention times of DHA α-epimer, DHA β-epimer, ATM, and ATS were 5.8, 8.1, 20.5, and 7.1 min, respectively (Figure 3) , consistent with previous reports. 32, 33 The peak intensities of different concentrations of standard compounds were used to make a working plot analysis of samples with an R Analysis of commercial ART-based drug samples. To evaluate the reliability and accuracy of the icELISA for quantitation of ART drugs, we directly compared the icELISA with the gold standard HPLC using 22 commercial ART-based drugs from convenience samples ( Table 1 ). The two methods showed an average difference of 0.011 mg/mL with a confidence interval of −0.037-0.058. The paired t test on the average content of each of the 22 drug samples showed that there was a borderline significant difference between the HPLC and icELISA methods (t = 1.87, degrees of freedom (d.f.) = 22, two-tail P = 0.074). The minimum detectable error of the paired t test was 0.055 mg/mL with 90% power and significance level of 5%. Comparison of SD of the average ELISA and HPLC results indicated a larger variation in ELISA results than that in HPLC results (0.114 versus 0.028, paired t = 4.71, d.f. = 22, P 0.0001).
There was a high degree of correlation between the icELISA and HPLC results (Pearson R = 0.64, d.f. = 22, P 0.001) and the observed statistical power of the regression was 97% with a type one error of 5%. Regression analysis showed that the overall difference in measured contents between the two methods was 2% (HPLC = 0.985 icELISA) and differences between measured contents and predicted values are all within the 95% confidence interval (Figure 4 ). Together, this study provided validation of the icELISA for accurate quantitation of ARTs in antimalarial drugs. We also want to mention that although this study was not intended to determine the quality of the drugs, we found that the concentrations of the target compound measured by the two assays were close to those indicated on the labels, albeit the determined drug contents tended to be slightly higher than the labeled contents.
DISCUSSION
Poor quality medicines, both substandard and counterfeit, constitute a major burden on the public health in resourcepoor countries. The use of such drugs not only severely jeopardizes the health of patients but also thwarts control efforts. Extensive investigations documented such epidemics of counterfeit ART drugs in Southeast Asia, 15, 34, 35 and there is clear evidence showing that such threats have also emerged in other continents.
14 In resource-poor countries, other neglected tropical diseases suffer similar fate, and a recent report of poor-quality generic drug for the treatment of visceral leishmaniasis in the national elimination program of Bangladesh is another vivid example. 36 Although these examples stress the requirement for strict quality assurance by the government regulatory authorities, the development of simple and rapid methods to assess drug quality convenient methods for quality control at the field sites are desperately needed. Based on our success of generating specific antibodies for ART and its derivatives, we developed an icELISA for accurate measuring of ART drug contents.
Here, we further validated the icELISA method using both standard and 22 commercial ART drugs sampled from various hospitals and pharmacies. The contents of ARTs in these drugs determined by icELISA and the gold standard HPLC method showed a borderline significant difference (P = 0.0074). In particular, the variation of the icELISA results was significantly higher than that of the HPLC method (P 0.001), suggesting that performance of the icELISA needs to be improved. In addition, we want to acknowledge that the convenience samples represented a disparate collection of pills, and some were from known sources of good-quality drugs. Therefore, testing of the method using samples of counterfeit and substandard drugs may be needed for further validation purpose. Commercial drugs contain matrix materials that might interfere with the assay. We showed that the icELISA method was highly sensitive for ARTs, which allows the samples to be highly diluted. This could eliminate the potential interference from the matrices of the commercial drugs. With all drug formulations tested, we did not detect significant interference of the matrices with either method. Furthermore, the use of chromatographically pure acetonitrile for the sample extraction may enhance assay tolerance against matrix interference.
In addition, sample extraction may be repeated to increase ART recovery rates.
A potential use of the icELISA method is for quantification of ARTs in commercial ACT drug formulations, which contain other partner antimalarial drugs. In our tested samples, the partner drugs did not interfere with the assay, suggesting the icELISA method is specific to detect ARTs in the antimalarial drugs. Although the cross-reactivity of mAb 3H2 with ATS, DHA, and ATM prevents differential detection of ART and its derivatives in the same samples, it does not constitute a major problem for our purpose of using the icELISA for quality assurance of ART drugs because all ART drugs contain a single target analyte of ART or its derivatives. Further applications of the icELISA under a variety of field settings are needed to validate its value for quality control of ART drugs. At this point, there is no intent for commercialization of the icELISA, and collaborations with colleagues on further testing of the icELISA are encouraged. 
